Introduction
Crude oil is a material naturally occurring in liquid state in sedimentary r ocks, with colour varying from brown to black. It is a complex mixture of hydr ocarbons. While the light fraction of crude oil contains ass ociated gases and low molecular weight hydr ocarbons, the heavy fraction of crude oil includes a wide variety of naphthenic and aromatic compounds [1] . When temperature decreases, the heavy fraction part precipitates in the form of liquid oil mass, which may be deposited in the pipe walls or processing equipment. This precipitation has economic implications of significant interest to petroleum industry [2] . Consumption of natural resource is a dangerous and highly topical issue of this century. Limitation of crude oil reserves makes the products expensive. The price of bitumen is directly based on the price of crude oil since the bitumen is a byproduct of crude oil [3] . The development of bitumen containing a new additive is of great importance as a result of rapid price changes and for achieving sustainability of natural resources [4] . A residue is produced after hydr ocracking, thermal cracking and catalytic conversion [5] . Bitumen is the name given to the residue that is actually a viscous petroleum distillate remaining after atmospheric distillation of crude oil, further refined under vacuum. Bitumen is used in the production of asphalt mixture, where it essentially acts as a binder for mineral aggregates to form asphalt mixes, also called bituminous mixes, asphalt concrete, or bituminous concrete [6, 7] . Bitumen that contains saturates, aromatics, resins and asphaltenes is a colloidal dispersion of asphaltene into the maltene matrix [3] . The variability and chemical composition of bitumen are related to the source and type of crude oil, and to the manufacturing process. Therefore, bitumen performance is directly related to manufacturing conditions. One of the most frequently used methods to overcome this burning issue is the physical or chemical modification of bitumens by various additives [8] . With an increase in traffic volume and axle loads, the demand placed by communities for safe and better quality travel has imposed the need to build durable asphalt pavements [9] . The comfort and durability parameters that asphalt pavements can provide over the service life depend on the properties of bitumen used in asphalt mixtures [9, 10] . The utilization of additives in bitumen improves stiffness properties at high temperatures, and resistance against moisture and cracking at low temperatures [11] [12] [13] . This has encouraged researchers and engineers to investigate the effective and environmentally friendly additives for bitumen modification, aimed at improving performance characteristics of bitumen [12] . Many sectors consume large quantities of engine oil. Engine oil is also referred to as process oil, oil lubricant, and motor oil [14] . Several attempts have been made to use engine oil in conjunction with bitumen due to similarity in their molecular structure. The utilization of engine oil can provide advantages such as money savings, preservation of nature and natural resources, and reduction in environmental pollution [14, 15] . Process oil is defined as a special engine oil that is used in a wide variety of chemical and technical industries either as a raw material component or as an aid to processing [14, 16] . Process oil may also be used as bitumen extender, but addition rates of process oil are generally low in order to guarantee adequate performance of asphalt mixtures. On the other hand, process oil, which should be used as a partial substitute of bitumen, has a higher commercial value for pavement industry. It is used as an additive to bitumen in the United States and Canada because of its low cost and high availability [17] . Several researches have placed emphasis on the utilization of process oil, engine oil and motor oil as extenders or modifiers [18] . Many of them are used to decrease the softening point and viscosity values and to increase the penetration point. Yet, the elastic recovery and permanent deformation resistance may not be appropriate [19] . Considering the utilization of commercial polymers that provide solution to susceptibility to fatigue cracking, thermal cracking, and pothole formation issues in asphalt mixtures, bitumen modification with process oil products can be a promising, environmentally friendly, and economical solution for pavement industry [17] . In recent years, many studies have been published on the modification of bitumen with engine oil, process oil and various types of waste oil. Lei et al. (2017) determined that the utilization of lubricating oil may soften bitumen while decreasing the softening point and increasing the penetration value [15] . Fernandes et al. (2018) reported that high performance at elevated temperature and low nonrecoverable creep compliance values were achieved by the use of high amounts of waste materials [17] . found that utilization of waste process oil decreases rutting resistance while increasing fatigue resistance of asphalt pavements [20] . Qurashi and Swamy (2018) prepared several asphalt blends using varying percentages of process oil. They concluded that process oil can act as a rejuvenator while providing elasticity and flexibility to bitumen [21] . Shafiq et al. (2018) reported that low content of process oil causes a substantial reduction in the coefficient of oxygen permeability and porosity of all mixes [18] . The primary objective of this study is to evaluate the effects of different quantities (1 %, 2 % and 3 %) of process oil (PO) in various original bitumen samples obtained from two different refineries. Considering the recommended dosages and addition methods given in previous literature, the values of 1 %, 2 % and 3 % of PO additive by weight of bitumen were chosen [17, 20, 22] . Laboratory tests including conventional bitumen tests, rotational viscosity (RV) test, Superpave performance grading (PG), dynamic shear rheometer (DSR), zero shear viscosity (ZSV) and multiple stress creep recovery (MSCR), were used to explore rheological characteristics of bitumen samples with different amounts of PO. Unaged and aged specimens determine production temperature and periods of bitumens containing different PO contents. In preparation, an appropriate amount of original bitumen samples (250 g) in a 250 ml graduated beaker was heated in the stove to 120 oc and then placed under a laboratory type mixer (800 rpm). Different dosages of PO additive by weight of bitumen were gradually added to the beaker and the mixing action started at 140 oc. The temperature was kept constant and the viscosities were evaluated using a rotational viscometer for every five-minute increment. The viscosities were evaluated for 5 different mixing periods (5, 10, 15, 20 and 25 minutes) but no constant viscosity value was reached. The same pr ocedure was repeated for other samples but the production temperature was kept constant at 150 oc. It was identified that the viscosity values of the sample were kept at a constant value after stirring for 20 minutes. The production temperature and the period for adding each proportion of PO additive into original bitumen samples were eventually identified to be 150 °C and 20 minutes. Sample descriptions are presented in Table 2 . 
Experimental methods

Conventional bitumen tests
Two different original bitumen samples and bitumen samples containing 1 %, 2 % and 3 % of process oil (PO) were initially subjected to penetration, softening point, rolling thin film oven (RTFOT), penetration and softening point after RTFOT tests (ASTM D5-06, ASTM D36-06, ASTM D2872-12) [23] [24] [25] . On the other hand, the temperature susceptibility of bitumen samples was evaluated in terms of Penetration Index (PI) according to the results obtained from penetration and softening point tests.
Rotational viscosity tests
Rotational viscosity tests were conducted in accordance with standards were subjected to oscillating shear at a frequency of 1.59 Hz at different temperatures starting from 52 oc for unaged and 64 oc for aged samples with 6 oc increments in order to determine the upper critical temperature used in the PG system. ZSV and MSCR tests were also performed at different stress levels in creep mode. Besides, oscillation tests were performed to evaluate rutting parameters at low (0.01 Hz) and high (10 Hz) frequency levels at five different temperatures by means of a dynamic shear rheometer (DSR). Furthermore, the aim is to find an environmentally friendly alternative bitumen modifier instead of bitumen polymers, and to fulfil all bitumen modification requirements. The objective is also to define whether PO can be used as an alternative to commercially available additives for bitumen modification.
Materials and preparation of samples
In this study, two bitumen samples from different refineries were selected as original (base) bitumens. The original bitumens (OB) that are extensively utilized in Turkey for flexible pavement construction were obtained from the Turkish Petroleum Refineries Corporation (TUPRAS®). The official label is "TÜPRAȘ® Bitüm 50/70" for both original bitumen samples. The bitumen samples were classified as OB-1 and OB-2, respectively. OB-1 was produced from crude oil deposited in the east part of Turkey and OB-2 was manufactured by blending crude oil from various sources in Middle East countries.
The additive used in this study is process oil (PO), obtained as a byproduct during distillation of crude oil. PO, which is a commercial product supplied by TUPRAS®, is widely used in chemical and technical industries either as a raw material component or as an aid in processing substances such as brake fluids, paints, lubricants, coatings, cold resistant plastics, dyes, inks, pharmaceuticals, nylons, and so on. The main aim of this study is to evaluate the effects of adding 1 %, 2 % and 3 % of PO in two different types of original bitumen samples. The main properties of the PO are presented in Table 1 . The preparation of bitumen samples was basically realized in accordance with the Turkish Highway Construction Specifications. A rotational viscometer was employed to GRAĐEVINAR 71 (2019) 7, 559-569
Julide Oner described in ASTM D4402-06 [26] . This testing was used to determine flow properties with regard to workability of bituminous mixtures. The rotational viscosity testing was conducted by measuring torsion that maintained rotational speed of a cylindrical rod in bitumen samples around its own axis constant after attaining the steady state condition [19, 27, 28] .
In this study, rotational viscosities of bitumen samples were tested at a temperature range of 135 °C and 165 °C. A Brookfield Viscometer DV-II Pro EXTRA was used at a fixed rotation speed of 20 rpm at a torque of 45 %. The temperatures corresponding to bitumen viscosities of 170 ± 20 mPa·s and 280 ± 30 mPa·s were chosen as mixing and compaction temperatures, respectively [27] . [16] . The operation of DSR is fairly basic during the frequency sweep test. As the plate oscillates, the centreline of the plate at a point moves to other point. This oscillation is one cycle and is repeated for a specified number of cycles. The number of cycles completed in one second is the loading frequency [16] . In this study, shear stresses were applied on the specimen at different frequencies (10 Hz and 0.01 Hz) over a range of temperatures (from 40 °C to 80 °C, with an increment of 10 °C). On the other hand, the rutting parameter (G* ⁄ sin) was obtained as the output of the frequency sweep test. The test results indicate the change of rutting parameters at different frequencies and temperatures. Zero Shear Viscosity (ZSV) is defined as the viscosity value at a shear rate approaching zero during shear deformation. This parameter can be a predictor for rutting related bitumen characteristics. Many researchers indicated that G*/sin is not very effective or that it fails to predict the rutting performance of bitumen [19, 28] . In ZSV test, short-term aged samples were utilized based on CEN/TS 15325 [29] . The ZSV of samples was predicted by means of the creep test conducted at 60 °C. The test geometry for creep tests consisted of 25 mm parallel plates and the gap between the plates was 1 mm. The stress level was 10 Pa for bitumen samples, and each creep test lasted 30 minutes. The Multiple Stress Creep Recovery (MSCR) test was introduced [30] during revision of bitumen testing procedures. The MSCR test was performed in accordance with ASTM D7405-08 using the DSR at 0.1 and 3.2 kPa stress levels on RTFOT aged specimens 25 mm in diameter, with 1 mm gap, at the temperature of 60 °C [31] . Ten cycles were applied at each stress level, with 1 s creep and 9 s recovery time. The percentage of recoverable and nonrecoverable components of creep compliance was determined at the end of the test.
Rheological tests
Results and discussions
Conventional bitumen test results
Following preparation of bitumen samples, conventional bitumen tests were performed on each of the samples presented in Table 3 . Conventional properties of bitumen prepared with different contents of PO are presented in Table 3 as an increase in penetration and decrease in softening point. The consistency of bitumen samples is determined by the penetration test. Penetration value is inversely proportional to viscosity and eventually bitumen softens as the penetration values increase. When the penetration values of original bitumen samples and bitumen samples containing three different contents of PO were compared, it was observed that the consistency decreased with the addition of PO. Bitumens produced from different crude oils demonstrate different levels of susceptibility to temperature. The simplest method for measuring sensitivities is the softening point test. As depicted in Table 3 , when softening point values are taken into consideration after the aging process, the amount of volatile matter in the structure of the bitumen samples decreases during aging, and so the content of asphaltene increases. Accordingly, due to increment in the rate of the crystallization, bitumen samples become harder and the softening point values increase as compared to the values before the aging process. The temperature susceptibility of bitumen samples was calculated in terms of penetration index (PI) using the results obtained from penetration and softening point tests. Temperature susceptibility is defined as the change in consistency as a function of temperature. The increase in penetration indexes indicates that the sensitivity of bitumen samples to temperature is significantly reduced. The results of the experimental study indicate that the OB-1 samples containing three different proportions of PO have low temperature sensitivity and are more resistant to formation of rutting as compared to OB-2 and OB-2 GRAĐEVINAR 71 (2019) 7, 559-569
Rheological characteristics of bitumens prepared with process oil samples including three different percentages of PO. As to OB-2 and OB-2 samples including different contents of PO, they exhibit lower temperature susceptibility when the PO content is increased. All bitumen samples containing different contents of PO that are listed in Table 3 
Rotational viscosity test results
The rotational viscosity values of samples involving PO are also shown in Table 3 . The coefficient of variation (which is calculated as the ratio of standard deviation to mean value) related to bitumen tests such as Brookfield viscosity at 135 °C and 165 °C, varies between 0.15 % and 0.52 % indicating a reasonable consistency. As presented in Table  3 Figure 1 and Table 4 .
As can be seen in 
Rheological test results
Superpave performance grading
The Superpave performance grading test was performed on the eight different bitumen samples using the Dynamic Shear Rheometer (DSR) to evaluate the upper critical temperature of samples. The coefficient of variation (which is calculated as the ratio of standard deviation to mean value) related to rheological bitumen tests varies between 0.78 % and 2.12 %, indicating a reasonable consistency. The calculated variances show that the rheological test results vary in acceptable ranges. In the Superpave performance grading system specification, G*/sin must be no less than 1 kPa for the unaged bitumen sample, and 2.2 kPa for the RTFO aged bitumen sample [16, 19, 28] . The high temperature performance grade of each bitumen sample is given in the Table 5 .
As can be seen in Table 5 , the utilization of 2 % and 3 % PO with OB-1 bitumen sample increases the upper critical temperature from 70 °C to 76 °C. Higher upper critical temperature is an indicator of higher resistance to rutting deformation [15, 16] .
However, an addition of 1 and 2 % of PO to OB-2 bitumen sample does not have any effect on the upper critical temperature of samples. As the upper critical temperature for unaged and aged OB-2+3 % PO sample does not match at the same temperature, a lower temperature (52 °C) was chosen to be on the safe side in terms of the upper critical temperature. This situation is due to the fact that OB-2+3 % PO sample hardens and oxidizes more as compared to other bitumen samples because of the aging process.
Frequency sweep test
The bitumen samples were assessed by means of the DSR test to evaluate rutting parameter (G*/sin) at five various temperatures from 40 °C to 80 °C with 10 °C increment at low and high frequencies.
The calculated G*/sin parameters for 0.01 Hz and 10 Hz frequency levels are shown in Figure 3 and Figure 4 , respectively. As presented in Figure 3 and Figure 4 , G* ⁄ sin parameters related to all bitumen samples increase with a decrease in temperature at both low and high frequencies. High G* ⁄ sin parameter indicates higher resistance to permanent deformations. On the other hand, G* ⁄ sin parameters increase with an increase in frequency for all bitumen samples due to rheological behaviour of bitumen. Bitumen samples exhibit elastic behaviour under shorter loading times (high frequency). As depicted in Figure 3 and * -Samples that were not exposed to aging ** -Samples that were exposed to aging by RTFO method (hardening in thin film with vertical rotation) Consequently, based on oscillating test, it is clear that the utilization of PO additive in OB-1 bitumen sample results in an improved permanent deformation. Moreover, the addition of PO in OB-1 bitumen sample exerts a more profound effect compared to addition to OB-2 in terms of rutting resistance. 
Zero shear viscosity test
Zero shear viscosity (ZSV) values for all bitumen samples were evaluated using DSR machine at 60 °C in creep mode. ZSV test results related to all bitumen samples are presented in Figure  5 .
As indicated before, this value can be a predictor for rutting related bitumen characteristics. As presented in Figure 5 , OB-2 sample exhibits lower ZSV value compared to OB- 
Multiple stress creep recovery test
The multiple stress creep recovery (MSCR) test was performed by DSR in creep mode on eight various bitumen samples. The percent recovery, creep compliance, creep compliance difference between 100 Pa and 3200 Pa, and stress sensibility values are presented in Table 6 .
As presented in Table 6 , for all bitumen samples the percent recovery values at 3200 Pa are lower compared to those obtained at 100 Pa. Lower percent recoveries indicate that the samples may recover a lower portion at the end of cycles. On the other hand, higher recovery values indicate that samples may resist formation of rutting deformations. The utilization of PO additive in the OB-1 bitumen sample reveals higher percent recoveries compared to OB-2 and OB-2 including various percentages of PO. While the concentrations of PO additive in the OB-1 sample increase, the percent of recoveries increase at both 100 Pa and 3200 Pa loading conditions. This means that utilization of PO additive in OB-1 bitumen sample is favourable in terms of resistance of the material to permanent deformation such as rutting. However, the addition of more than 1 % PO in the OB-2 bitumen sample undesirably reduces the percent of recoveries. Similar evaluation may also be made for creep compliance (Jnr) values. Higher Jnr values define higher susceptibility of pavement to rutting deformations. In OB-1 and all concentrations of PO, Jnr values decrease with an increase in the content of PO at both 100 Pa and 3200 Pa loading conditions. The percentage of difference in creep compliance (Jnr-diff) and stress sensibility of samples are also given in Table  6 . Since the percent difference is a measure of sample sensitivity to an increase in stress level, lower values are associated with a less stress-sensitive material. The Jnr-diff and stress sensitivity are low for OB-2 bitumen samples, which indicates that a sample can be considered less stress-GRAĐEVINAR 71 (2019) 7, 559-569
Rheological characteristics of bitumens prepared with process oil [32] . The mentioned MSCR letter grades (S, H, V, and E) of bitumen samples with respect to temperature of 64 oc are presented in Table 7 .
As presented in 
Conclusion
One of the most hazardous issues of this century is the consumption of natural resources. The rapid depletion of petroleum reserves makes the products expensive. Therefore, the search for new additives is steadily intensifying due to rapid increase in the price of bitumen and to to achieve sustainability of natural resources. In spite of the fact that the literature shows that PO can be used as an alternative additive for modified asphalt pavements, detailed studies are needed from the point of view of chemical and rheological characteristics due to diversity in sources and processing techniques. The present study provides an evaluation of rheological characteristics of bitumen samples using different dosages of process oil. Original bitumen samples used in this study are extensively utilized in Turkey for flexible pavement construction. Conventional bitumen tests indicate that the consistency decreases with the use of PO. OB-2 samples containing three different proportions of PO have low temperature sensitivity and are more resistant to the formation of rutting as compared to the OB-1 and OB-1 sample including three different percentages of PO. The utilization of PO in OB-2 bitumen increases resistance to permanent deformations in terms of conventional bitumen test results.
The asphalt industry aims to substantially decrease application temperatures of asphalt pavements by means of a variety of methods and additives. The utilization of PO additive in the two types of original bitumen samples obviously decreases mixing and compaction ranges of the mixtures. Hence, PO additive in bitumen increases the workability and makes relative reductions in mixing and compaction temperatures.
In the light of the frequency sweep test, in the case of OB-1 and all concentrations of PO, G* ⁄ sin values increase with an increase in the content of PO at all temperatures and at both frequencies. However, it has been established that the use of PO additive in the quantities of more than 1 % in the OB-2 bitumen sample decreases G* ⁄ sin values at all temperatures and at both frequencies.
In terms of ZSV values, the utilization of PO yields the peak ZSV value at 3 % concentration of PO in the OB-1 bitumen sample. However, the ZSV values decrease if 3 % PO is added to the OB-2 bitumen sample. Hence, the rutting performance is adversely affected if 3 % PO is added to OB-2 bitumen samples.
According to MSCR test results, the MSCR letter implies that OB-1 and the samples containing 1 %, 2 % and 3 % PO additive could remain resistant to deformations even under extreme heavy traffic conditions. However, OB-2 bitumen samples with more than 1 % of PO additive belong to grade S: Standard PG Plus Grade. When all test results are evaluated together, 3 % and 1 % can be accepted as optimum PO contents in OB-1 and OB-2 bitumen samples, respectively. Besides, the use of PO in OB-1 is more effective since it significantly improves rheological properties of OB-1. It can also be stated that the use of process oil is justified from environmental, economic and rheological points of view. In addition, it should be noted that an efficient and environmentally friendly PO can be used as an alternative to commercial expensive additives for modification process. It is recommended to conduct a long term aging performance testing campaign by using the standardized method PAV (Pressure Aging Vessel) and the Bending Beam Rheometer (BBR) test for bitumen samples containing different contents of PO additive, so as to further evaluate low temperature performance of bitumen.
